Activity-dependent changes in presynaptic function represent a critical mechanism by which synaptic strength is controlled. However, how changes in synaptic activity couple to presynaptic components to control synaptic vesicle release and recycling are poorly understood. Sphingosine kinase (SphK) is a sphingolipid metabolic enzyme whose activity-dependent recruitment to membrane regions within presynaptic terminals promotes neurotransmitter release. Here, we show that synaptic recruitment of SPHK-1, the SphK ortholog in Caenorhabditis elegans, is mediated by presynaptic calcium influx. Quantitative fluorescence imaging of live presynaptic terminals reveals that blocking presynaptic calcium influx reduces synaptic SPHK-1 abundance whereas increasing calcium influx increases SPHK-1 synaptic abundance. CALM-1, the calcium and integrin binding protein ortholog, colocalizes with SPHK-1 at release sites and regulates muscarinic-mediated synaptic SPHK-1 recruitment. We identify two additional sphingolipid metabolic enzymes that are concentrated at presynaptic terminals, and mutants lacking one of these, HYL-1/ceramide synthase, have defects in synaptic transmission and in synaptic vesicle cycling. Finally, we show that SPHK-1 activity is required for the recruitment of the priming protein UNC-13/Munc13 to presynaptic terminals following activation by muscarinic signaling. These findings suggest that calcium-dependent regulation of local S1P metabolism at synapses may be an important mechanism by which synaptic vesicle priming factors are recruited to release sites to promote synaptic transmission.
Introduction
Regulation of neurotransmitter release allows synapses to alter their strength in response to changes in activity and environmental conditions. Presynaptic calcium influx plays a critical role in mediating these responses by regulating synaptic vesicle release and recycling, and by activating second messengers involved in synaptic plasticity (Catterall and Few, 2008) . However, the molecular mechanisms by which calcium regulates presynaptic signaling pathways to modulate neurotransmitter release are poorly understood.
Sphingosine kinase (SphK) and its metabolites, the bioactive lipids sphingosine (SPH) and sphingosine-1-phosphate (S1P), regulate diverse cellular functions in the nervous system including cell survival, differentiation, and neurotransmitter secretion (Okada et al., 2009 ). In particular, S1P facilitates neuronal firing and neurotransmitter release from neurons and neuroendocrine cells and SPH drives synaptic vesicle exocytosis by facilitating SNARE protein assembly (Darios et al., 2009; Okada et al., 2009) . Genetic ablation or knockdown of SphK activity results in reductions in electrically evoked neurotransmitter release, defects in long-term potentiation, and accumulation of synaptic vesicles at presynaptic terminals (Kajimoto et al., 2007; Kanno et al., 2010; Chan et al., 2012) . SphK rapidly translocates to presynaptic terminals in response to neuronal activity and to presynaptic heterotrimeric G-protein signaling. Depolarization or treatment with muscarinic agonists results in rapid increase in synaptic translocation of SphK in hippocampal cultures or Caenorhabditis elegans motor neurons, respectively. On the other hand, hyperpolarization or reductions in muscarinic signaling decrease in SphK synaptic abundance (Kajimoto et al., 2007; Chan et al., 2012) . Because studies in diverse cell types show that a critical step in regulating SphK activity is to promote its translocation to cellular membranes from cytosolic pools, identifying mechanisms underlying its translocation to synapses will be important for understanding the regulation of presynaptic plasticity.
Calcium has been implicated in regulating SphK translocation to cellular membranes. In neuroblastoma cells, calmodulin (CaM) inhibitors block translocation of SphK to plasma membranes (Young et al., 2003) . In HEK cells, calcium mediates the interaction between SphK and calcium and integrin binding protein (CIB) and CIB knockdown impedes agonist-dependent SphK membrane translocation and S1P production (Jarman et al., 2010; Pitson, 2011) . However, whether calcium mobilization mediates SphK translocation to synaptic membranes, how neu-ronal activity and heterotrimeric G-protein signaling converge at synapses to regulate SphK, and how synaptic SphK, in turn, promotes neurotransmitter release are not known.
Here, we show that presynaptic calcium influx regulates the recruitment of SPHK-1 to presynaptic membranes in C. elegans motor neurons. Muscarinic-mediated recruitment of SPHK-1 to synapses requires presynaptic calcium influx as well as the interaction of SPHK-1 with the C. elegans CIB ortholog, CALM-1. Furthermore, HYL-1/ceramide synthase, which also localizes to presynaptic terminals, antagonizes the effects of sphk-1 on synaptic transmission. Finally, sphk-1 activity mediates the effects of muscarinic signaling by recruiting the synaptic vesicle priming protein UNC-13/Munc13 to synapses. Together, these findings suggest that local sphingolipid metabolism at synapses may be a previously unrecognized mechanism by which presynaptic calcium regulates presynaptic function.
Materials and Methods
C. elegans strains. All experiments were performed on young adult hermaphrodites. Strains sphk-1(ok1097) and hyl-1(gk203) were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health-National Center for Research Resources. Strain calm-1(tm1353) was provided by National BioResource Project (Japan). The wild-type reference strain was N2 Bristol. sphk-1(ok1097) was outcrossed 10 times and used for all experiments. All other strains used were outcrossed more than four times. In addition, the following strains were used : egl-19(ad1006lf), egl-19(n2368gf), egl-30(js126gf) [strain information on www.wormbase.org], unc-2(Ij1), unc-13(s69), unc-68(r1162), unc-104(e1265), nuIs46[myo-2-GFP, Punc-129-unc13S-GFP] , nuIs152 , nuIs197 . All integrated transgenes were outcrossed 10 times.
Molecular biology. The promoter fragment of sphk-1 was amplified by PCR from mixed-stage genomic DNA. sphk-1 mutations were made by standard molecular cloning techniques or by Quikchange PCR (Stratagene). sphk-1(⌬CaM) contains F217A, I272Q substitutions. Primers used for molecular cloning are available upon request. The following plasmids were made by standard molecular biology techniques (plasmid name [promotergene-marker] 
Transgenic lines. Transgenic strains were generated by injecting N2 or nuIs197 animals with expression constructs (10 -25 ng/l) and the coinjection marker [KP#708 (Pttx-3-rfp, 40 ng/l) or KP#1106 (Pmyo-2-gfp 10 ng/l)]. Microinjection was performed using standard techniques as previously described (Mello et al., 1991) . At least three lines for each transgene were examined and a single, representative transgene was used for the experiments. The following transgenic lines were made (name[plasmid]): vjEx38 [pDS390], vjEx39[pDS300], vjEx84[pDS329], vjEx98[pDS391], vjEx133[pDS302], vjEx337[pDS306], vjEx651[pDS297], vjEx652[pDS386], vjEx653[pDS387], vjEx654[pDS388], vjEx655[pDS389], vjEx656[pDS287], vjEx657[pDS338], vjEx711[pDS394] .
Behavioral analysis of locomotion activity and sensitivity to aldicarb. For analysis of sensitivity to inhibitors of acetylcholinesterase (AChE), paralysis of adult worms was scored every 10 min, starting at 40 min using 1.0 mM aldicarb (Chem Services). For each experiment, three plates of 20 worms per genotype were placed on NGM plates supplemented with aldicarb, and the number of worms paralyzed on each plate was counted to extract the percentage paralyzed at each time point per genotype. The percentages were averaged at each time point per genotype and plotted graphically. For each experiment, the genotype was blind to the scorer and the analysis was repeated at least two times. For experiments using arecoline, worms were pretreated with plates containing either control M9 or arecoline (15 mM in M9) for 2 h, which was determined to be the minimum concentration that produced maximal aldicarb hypersensitivity, to minimize nonspecific effects of the drug. For experiments using EGTA, worms were pretreated in drops of either EGTA (50 mM, pH 7.2) or buffered water, pH 7.2, for 2 h at room temperature. Concentrations were determined by experiments previously successful in other studies (Xu et al., 2001; O'Halloran et al., 2009; Earls et al., 2010) . Statistical differences were determined at each time point by Student's t tests.
Microscopy and analysis. Fluorescence microscopy experiments were performed as previously described (Ch'ng et al., 2008) . Briefly, adult worms were paralyzed using 2,3-butanedione monoxime (30 g/l, Sigma) and mounted on 2% agarose pads for imaging. Images of synapses were captured from dorsal axons of DA/DB class motor neurons near the posterior gonadal bend of the worm. Quantification spanned Ͼ100 synapses for all experiments and specific n values are shown in Table 1 ). For all fluorescence microscopy experiments, images were captured with a Nikon eclipse 90i microscope equipped with a Nikon PlanApo 100ϫ objective (NA ϭ 1.4) and a Photometrics Coolsnap ES 2 camera. MetaMorph 7.0 software (Universal Imaging/Molecular Devices) was used to capture serial image stacks, and the maximum intensity projection was used for analysis of the dorsal cords. Line scans of the maximum intensity projection image were also recorded using MetaMorph. The fluorescence intensity values were then quantified using Puncta 6.0 software written with Igor Pro (Wavemetrics), as previously described (Dittman and Kaplan, 2006; Ch'ng et al., 2008) . For all experiments, fluorescence values were normalized to the values of 0.5 m FluoSphere beads (Invitrogen) captured during each imaging session. This was performed to provide a standard for comparing absolute fluorescence levels between animals from different sessions.
We found that the conditions used for imaging showed that SPHK-1-GFP were predominantly localized to synaptic puncta, as determined previously (Chan et al., 2012) . There was little or no difference between their interpunctal fluorescence (in axons) and the autofluorescence observed at C. elegans axons. Therefore, we excluded the interpunctal fluorescence in our analysis for these markers (except for Fig. 4c and Table 1 , in which mutations in SPHK-1-GFP caused increased interpunctal fluorescence).
Statistical analysis. A Student's t test was used to determine significance when comparing the fluorescence of SPHK-1-GFP in different conditions (significance was set at p Ͻ 0.05). Propagation of SEM was performed for all comparisons. Statistical analyses for all experimental comparisons are presented in Table 1 .
Results

SphK expression and localization in C. elegans
Mammalian SphKs are broadly expressed in many tissues including the brain, and they associate with diverse cellular membranes, including the nuclear envelope, plasma membrane, endoplasmic reticulum, and mitochondria (Siow et al., 2011) . We previously showed that C. elegans SphK, sphk-1, is expressed in motor neurons of the ventral nerve cord, where it localizes to presynaptic membranes near synaptic vesicle release sites (Chan et al., 2012) . Here, we determined the expression and localization pattern of SPHK-1 in other neuronal compartments and in other tissues. Transgenic animals expressing green fluorescent protein (GFP) under the control of a fully rescuing sphk-1 promoter fragment displayed fluorescence in multiple tissues, including the hypodermis (skin), muscles, the intestine, excretory canal cells, and some neurons in the head and tail (Fig. 1a) .
In DA/DB class cholinergic motor neurons, functional GFPtagged SPHK-1 fusion proteins (SPHK-1-GFP) were detected in extranuclear regions in cell bodies (Fig. 4b) , likely corresponding to Golgi (Sumakovic et al., 2009) , occasionally in puncta in dendrites (data not shown), and in puncta at en passant presynaptic terminals (Chan et al., 2012) . Colocalization studies revealed that SPHK-1-GFP was closely apposed to but not colocalized with the synaptic vesicle (SV) and actin-associated protein SNN-1/synap-sin (Fig. 1b) . In body wall muscles, SPHK-1-GFP was primarily observed on the outer surface of mitochondria as demonstrated by its colocalization with an RFP-tagged outer membrane mitochondrial marker (Fig. 1c) . Thus, SPHK-1 appears to localize to different cellular membranes depending on cell type.
Synaptic recruitment of SPHK-1 is regulated by presynaptic calcium
Previous studies have found that neuronal depolarization or hyperpolarization results in corresponding decreases or increases in SphK synaptic abundance (Kajimoto et al., 2007; Chan et al., 2012) . To explore whether calcium influx into motor neurons mediates the effects of neuronal activity on SPHK-1 synaptic recruitment, we examined SPHK-1-GFP in animals with defects in presynaptic calcium entry. To detect changes in synaptic SPHK-1-GFP fluorescence, we examined fluorescence intensity and distribution of SPHK-1-GFP puncta in DA/DB class motor axons. Among the parameters examined were punctal fluorescence, which measures synaptic abundance; punctal width, which measures distribution within a synapse; and punctal density, which measures the number of puncta per unit length of an axon.
Calcium enters synaptic terminals from two main sources: the extracellular space and internal stores. We first tested the effects of mutations that alter calcium entry through voltage-gated calcium channels (VGCCs). unc-2 encodes the C. elegans ␣1-subunit of the non-L type voltage-gated calcium channel (VGCC␣1). UNC-2/VGCC␣1 localizes to presynaptic active zones, and unc-2/VGCC␣1 mutations reduce calcium influx in certain sensory neurons (Richmond and Jorgensen, 1999; Mathews et al., 2003; Saheki and Bargmann, 2009). We found that loss-of-function mutations in unc-2/VGCC␣1 reduced SPHK-1 average punctal fluorescence by ϳ20% ( Fig. 2a ; Table  1 ). The decrease in punctal fluorescence was due to a reduction in the fraction of puncta with high fluorescence intensities and a corresponding increase in the fraction of puncta with low intensities, as revealed by cumulative probability plots (Fig. 2b) . In contrast, unc-2/VGCC␣1 mutations did not significantly alter either SPHK-1-GFP punctal width or punctal density, indicating that unc-2/VGCC␣1 specifically affects SPHK-1 abundance, possibly by regulating its translocation to synaptic terminals. unc-2/ VGCC␣1 does not impact overall synaptic structure since the punctal fluorescenceofactiveandperiactivezoneproteins(e.g.,UNC-10/RIM1, SYD-2/liprin-␣, SNN-1/synapsin, and ITSN-1/intersectin) are not significantly altered in unc-2/VGCC␣1 mutants (Ch'ng et al., 2008) . unc-2/VGCC␣1 mutations severely reduce acetylcholine release from motor neurons and dramatically alter synaptic vesicle cycling Ch'ng et al., 2008) . Thus, it is possible that the decreases observed in SPHK-1 synaptic abundance are a secondary effect of alterations in synaptic vesicle cycling or release in these mutants. This is likely not to be the case because synaptic SPHK-1-GFP abundance is not detectably altered in unc-13/Munc13 or unc-18/Munc18 mutants (Chan et al., 2012) , in which synaptic vesicle release and cycling are blocked but calcium entry remains intact Arellano-Carbajal et al., 2011) . Thus calcium entry through UNC-2/VGCC␣1 positively regulates SPHK-1 synaptic abundance independently of its effects on synaptic vesicle release.
To test whether calcium plays a permissive or instructive role in SPHK-1 recruitment, we examined egl-19, which encodes the ␣1-subunit of the C. elegans L-type voltage-gated calcium channel (L-VGGC␣1). egl-19/L-VGGC␣1 is expressed in motor neurons of the ventral nerve cord (Hunt-Newbury et al., Fig. 2a,b ; Table 1 ). The increase in SPHK-1-GFP fluorescence in egl-19/L-VGGC␣1 gain-of-function mutants was blocked by acute treatment with the calcium chelator EGTA (Fig. 2c) . Thus, egl-19/L-VGGC␣1 activation elicits a calcium-dependent increase in synaptic SPHK-1-GFP due to acute changes in calcium influx. Together, these results indicate that calcium influx is both necessary and sufficient for SPHK-1 recruitment, and suggest that calcium is instructive in this process.
We next examined the contribution of calcium entry through calcium stores to SPHK-1 recruitment. unc-68 encodes a ryanodine receptor (RyR), which mediates calcium efflux from intracellular calcium stores. unc-68/RyR mutants have reductions in neurotransmitter release from motor neurons (Liu et al., 2005) . We found that mutations that reduce the activity of unc-68/ RyR significantly reduced SPHK-1-GFP peak fluorescence compared with wild-type controls ( Fig. 2a,b ; Table 1 ), without affecting either punctual width or density (Table  1) . Thus, it appears that calcium from both intracellular and extracellular sources is needed for SPHK-1 recruitment.
Calcium entry is required for muscarinic-dependent SPHK-1 recruitment Activating a presynaptic muscarinic pathway either by acute treatment of C. elegans with the muscarinic agonist arecoline or by constitutively activating the heterotrimeric G protein G␣q (egl-30/G␣q(gf )) significantly increases SPHK-1-GFP punctal fluorescence ( Fig. 2d,e ; Table 1 ) (Chan et al., 2012) , suggesting that muscarinic signaling regulates SPHK-1 translocation to release sites. We examined whether muscarinic-regulated translocation of SPHK-1 is dependent on calcium influx. The increase in SPHK-1-GFP punctal fluorescence caused by either arecoline or by a constitutively active egl-30/G␣q mutant was completely blocked by unc-2/VGCC␣1 mutations ( Fig. 2d,e ; Table 1 ). These results suggest that presynaptic calcium is required for muscarinicmediated recruitment of SPHK-1 to synapses.
Arecoline treatment causes animals to become hypersensitive to the paralytic effects of the AChE inhibitor aldicarb (Lackner et al., 1999) . Aldicarb prevents removal of acetylcholine from the synaptic cleft, causing muscle hypercontraction and paralysis. Hypersensitivity to aldicarb is observed under conditions of increased neuromuscular function, including enhanced neurotransmitter release (Mahoney et al., 2006; Vashlishan et al., 2008) . sphk-1 is required for the effects of arecoline treatment on aldicarb hypersensitivity (Chan et al., 2012) , suggesting that sphk-1 mediates the effects of arecoline on synaptic transmission. If the recruitment of SPHK-1 by presynaptic calcium was required for the effects of muscarinic signaling on synaptic transmission, then we would expect calcium mobilization mutants to block the aldicarb hypersensitivity caused by arecoline treatment. Consistent with this idea, we found that unc-2/VGCC␣1 or unc-68/RyR mutants had a severely blunted response to arecoline treatment compared with wild-type animals, indicating that the effects of muscarinic stimulation on aldicarb responsiveness are partially dependent on calcium entry. (Fig. 2f,g ). Together these results suggest that presynaptic calcium promotes both basal and muscarinic-potentiated synaptic transmission by recruiting SPHK-1 to presynaptic terminals.
CALM-1/CIB is presynaptic and mediates SPHK-1 recruitment
We next examined the molecular mechanism by which SPHK-1 might be recruited to synapses by calcium. SphKs do not contain sequence motifs that are known to bind calcium directly. However, SphKs contain a conserved calcium/CaM binding motif that has been shown to interact with calcium/CaM as well as CIB (Young et al., 2003; Jarman et al., 2010) . CIB is a family of calcium responsive proteins with diverse biological functions, including cell survival, growth, migration, and synaptic plasticity (Kauselmann et al., 1999; Leisner et al., 2005; Yoon et al., 2009; Frost and Olson, 2010) . CIB1 recently has been implicated in the calcium-dependent recruitment of human SphK1 to the plasma membrane in HEK cells (Jarman et al., 2010) . C. elegans encodes an ortholog to the CIB family, calm-1, which shares 57% similarity to mammalian CIB1 and 48% similarity to mammalian CIB2. calm-1 mRNA is expressed in motor neurons (Fox et al., 2005) . We found that a calm-1 transcriptional reporter, in which 1852 bp of the calm-1 promoter drove the expression of GFP, was expressed in body wall muscle and in cholinergic motor neurons of the ventral cord (Fig. 3a) . We examined the subcellular localization of a CALM-1/CIB fusion protein (CALM-1-mCherry) in motor neuron axons and found that it adopted a punctate pattern of fluorescence, that largely colocalized with SPHK-1-GFP puncta at presynaptic terminals (Fig. 3b) .
Next, we examined the requirement of calm-1/CIB in regulating SPHK-1 synaptic recruitment. calm-1(tm1353) mutants, which have a 618 nucleotide deletion that removes part of the calm-1 promoter and the first exon, showed a significant decrease in SPHK-1-GFP synaptic abundance ( Fig. 3c; Table 1 ), without altering SPHK-1 abundance in neuronal cell bodies (336 Ϯ 45 arbitrary fluorescence units in WT vs 342 Ϯ 38 units in calm-1/CIB mutants, p Ͼ 0.05). We also found that arecoline-mediated recruitment of SPHK-1-GFP to synapses was blocked in calm-1/ CIB mutants ( Fig. 3d; Table 1 ). Together these results suggest that presynaptic CALM-1 promotes the recruitment of SPHK-1 to release sites.
The calcium/CaM-binding domain of SPHK-1 is required for muscarinicmediated SPHK-1 recruitment
To investigate how calcium and muscarinic signaling might converge to regulate SPHK-1 abundance, we next sought to identify the SPHK-1 sequence determinants that are responsible for the synaptic translocation of SPHK-1 in response to calcium or muscarinic signaling. SPHK-1 contains five conserved domains, termed C1-C5, which share Ͼ50% amino acid similarity with human SphK1 and SphK2 (Fig. 4a) . We examined the synaptic abundance of GFP-tagged SPHK-1 variants in which various conserved domains had been deleted (Fig. 4a ). An SPHK-1-GFP variant that contains only the kinase domain (SPHK-1(NT1)) adopted a diffuse pattern of fluorescence in axons and in cell bodies (Fig. 4a,b) , implying a redistribution of the protein to the cytosol (Hengst et al., 2010; Siow et al., 2011). Quantification of the localization pattern of the kinase domain of SPHK-1 in axons revealed a reduction in punctal fluorescence and a corresponding increase in interpunctal fluorescence compared with wild-type SPHK-1-GFP (Fig. 4c) .
Addition of the N terminus of SPHK-1 to the kinase domain (SPHK-1(NT2)) restored both synaptic localization and presumed Golgi localization (Fig. 4a,b) . However, SPHK-1(NT2)-GFP synaptic puncta were significantly dimmer and wider than wild-type controls, and fluorescence was also found on the plasma membrane in cell bodies in three of three lines we examined ( Fig. 4b,c; Table 1 ). Adding the conserved domain C4 to this variant (SPHK-1(NT3)) restored wild-type levels of SPHK-1 at synapses and restored Golgi localization in cell bodies (Fig. 4a,b) . However, synaptic puncta remained significantly wider than wild-type controls ( Fig. 4b; Table 1 ). A 110 aa fragment (SPHK- 1(CT1)) formed puncta in axons that were similar in size to SPHK-1(WT)-GFP puncta. However, these puncta were much less frequent compared with SPHK-1(WT)-GFP, and SPHK-1(CT1) was not detectable in cell bodies (Fig. 4a,b) . Finally, a full-length SPHK-1 variant containing a mutation in the C4 domain that corresponds to the calcium/CaM binding domain (SPHK-1(⌬CaM)-GFP) adopted a pattern that was similar to SPHK-1(NT2): wider and dimmer synaptic puncta and mislocalization in cell bodies ( Fig. 4a,b ; Chan et al., 2012) . Together, these results suggest that the region N-terminal of the kinase domain can direct SPHK-1 to synapses (and to Golgi), but does not restrict SPHK-1 within synapses. Similarly, the C4 domain does not appear to restrict SPHK-1 to small regions within synapses; however, it is required for normal SPHK-1 levels at synapses. On the other hand, the similarity of the localization patterns SPHK-1(NT2) and the SPHK-1(⌬CaM) variants, both of which lack the CaM domain in C4, suggests that the CaM domain is essential for recruiting and restricting SPHK-1 within synapses. However, the C4 domain is likely to not be sufficient for synaptic clustering of SPHK-1 since SPHK-1(NT3), which has the C4 domain, fails to cluster. Thus, SPHK-1 may require both the C4 and the C5 domains to restrict SPHK-1 within synapses.
To identify the sequence determinants required for muscarinicmediated SPHK-1 synaptic recruitment, we next tested the effects of acute arecoline treatment (2 h) on the abundance of the SPHK-1 variants at synapses. Although arecoline treatment significantly increased the punctal fluorescence of SPHK-1-GFP transgenes, arecoline treatment had no effect on the distribution or abundance of the SPHK-1(NT1)-GFP, SPHK-1(NT3)-GFP, or SPHK-1(CaM)-GFP variants ( Fig. 4d; Table 1 ). These results suggest that sequence determinants that lie C-terminal to the C4 domain as well as the CaMbinding site are important for arecoline responsiveness. Our observation that either calm-1/CIB mutants or deletion of the CaMbinding site block muscarinic-mediated SPHK-1 translocation suggests that CALM-1/CIB acting on the CaM-binding site of SPHK-1 may be critical for the ability of muscarinic signaling to recruit SPHK-1 to synapses.
HYL-1/ceramide synthase and TAG-38/S1P lyase are concentrated at presynaptic terminals Multiple enzymes catalyze the generation and degradation of sphingolipids, and they are thought to function coordinately to fine-tune levels of each sphingolipid metabolite. If the regulation of synaptic levels of SPH and S1P by SPHK-1 is important for synaptic function, then we expect that additional enzymes involved in SPH or S1P metabolism might also function at synapses. To test this idea, we examined two enzymes that are predicted to directly affect levels of SPH and S1P: ceramide (CER) synthase, which converts SPH to CER, and S1P lyase, which breaks down S1P into phosphoethanolamine and hexadecanal (Fig. 5a) . C. elegans encodes three predicted CER synthases. One of these, hyl-1, is expressed in motor neurons (Fox et al., 2005) , and mutants lacking hyl-1 display hyperactive locomotion (Chan et al., 2012) . We generated a GFP-tagged HYL-1 fusion protein (HYL-1-GFP) and found that it adopted a punctate pattern of fluorescence in motor neuron axons (Fig. 5b) . HYL-1-GFP largely colocalized with the SV marker SNB-1-mCherry (Fig.  5d ), but was mostly apposed to SPHK-1-mCherry and SNN-1-mCherry puncta (Fig. 5b,d ). HYL-1-GFP puncta were eliminated in mutants lacking unc-104/ kinesin, which encodes a motor protein that transports SVs and other organelles to presynaptic terminals (Fig. 5c) . These results suggest that HYL-1 associates with synaptic vesicle pools (or other presynaptic organelles) at presynaptic terminals.
C. elegans encodes two predicted S1P lyases, spl-1 and tag-38. Whereas spl-1 expression has not been detected in the nervous system (www.wormbase.org), tag-38 cDNA is expressed in motor neurons (Fox et al., 2005) . Therefore, we examined a GFP-tagged TAG-38/S1P lyase fusion protein (TAG-38-GFP) and found that it adopted a highly punctate pattern of fluorescence in axons that largely overlapped with SPHK-1-mCherry or SNN-1-mCherry puncta (Fig. 5b,d ). TAG-38-GFP localized less well with the SV markers SNB-1 and remained highly punctate in unc-104/kinesin mutants (Fig. 5c ). Together these results suggest that like SPHK-1, TAG-38/ S1P lyase associates with presynaptic membranes at release sites, but not synaptic vesicles. Given the striking similarity between the localization of TAG-38/S1P lyase and SPHK-1, we wondered whether TAG-38/S1P lyase synaptic abundance might also be regulated by muscarinic signaling. However, we found that arecoline treatment did not significantly change TAG-38-GFP axonal punctal fluorescence, width, or density ( Fig. 5e; Table 1 ). Therefore, muscarinic signaling appears to specifically regulate SPHK-1 abundance, but not TAG-38/S1P lyase, at release sites.
hyl-1/ceramide synthase antagonizes sphk-1
We previously showed that hyl-1/CER synthase mutants have hyperactive locomotion rates compared with wild-type controls (Chan et al., 2012). To examine the role of hyl-1/CER synthase in synaptic transmission more directly, we examined aldicarb responses and SV cycling in hyl-1/CER synthase mutants. We found that hyl-1/CER synthase mutants where hypersensitive to aldicarb (Fig. 6a) , consistent with increased ACh release at neuromuscular junctions. hyl-1/CER synthase mutants also displayed increases in punctual fluorescence of the SV marker SNB-1-GFP ( Fig. 6b; Table 1 ). Increases in punctal fluorescence are indicative of larger SV pools at synaptic terminals, and may arise from alterations in SV trafficking, biogenesis, or release. The increase in locomotion rates, the aldicarb hypersensitivity, and the increase in SV abundance of hyl-1/CER synthase mutants are similar to those observed in constitutively active egl-30/G␣q(gf ) mutants (Ch'ng et al., 2008) . Interestingly, both egl-30/G␣q(gf ) mutants and hyl-1/CER synthase mutants are predicted to have elevated S1P levels: egl-30/ G␣q(gf ) mutants have more SPHK-1 at synapses (Chan et al., 2012) , and hyl-1/CER synthase mutants have fivefold higher levels of the S1P precursor SPH (Menuz et al., 2009 ). Thus, elevated S1P levels may account for the similar phenotypes observed in these mutants.
If elevated synaptic S1P promotes synaptic transmission, then we would predict that the aldicarb hypersensitivity of hyl-1 mutants should be dependent on S1P production by SPHK-1. Indeed, we found that sphk-1;hyl-1 double mutants were nearly as aldicarb resistant as sphk-1 single mutants (Fig. 6a) . Together, these data suggest that high SPH levels alone cannot account for the increased locomotion rates, aldicarb hypersensitivity, and accumulation of SVs in hyl-1/CER synthase mutants. Instead, these observations indicate that the conversion of SPH to S1P by SPHK-1 is important for neurotransmission.
sphk-1 is required for muscarinic-mediated recruitment of UNC-13S to synapses
How might synaptic SPHK-1 couple to the SV release machinery to promote acetylcholine release? Munc13 is a presynaptic protein involved in priming of secretory vesicles through its interaction with the SNARE protein syntaxin (Brose et al., 2000; Madison et al., 2005) . The association of Munc13 with release sites is regulated by diacylglycerol (DAG) and is proposed to control vesicle priming and subsequent neurotransmitter release (Richmond et al., 1999; Madison et al., 2005) . Like SPHK-1, C. elegans Munc13, UNC-13, is recruited to presynaptic terminals by EGL-30/G␣q-dependent muscarinic signaling (Lackner et al., 1999) . We previously found that SPHK-1-GFP punctal fluorescence did not change in unc-13/Munc13 mutants (Chan et al., 2012) , suggesting that UNC-13/Munc13 is not required for SPHK-1 synaptic recruitment.
We next examined whether the synaptic abundance of GFP-tagged UNC-13 (UNC-13S-GFP) was dependent on sphk-1 activity. We found no change in synaptic abundance of UNC-13S-GFP in sphk-1 mutants compared with wild-type controls under normal conditions ( Fig. 7a and Table 1 ). However, sphk-1 activity was essential for muscarinic signalingdependent UNC-13S-GFP recruitment. Activating muscarinic signaling (using gain-of-function egl-30/G␣q mutants) significantly increased UNC-13S-GFP punctal fluorescence ( Fig. 7a ; Table 1 ). egl-30/G␣q activation appears to specifically recruit UNC-13S-GFP to synapses because egl-30/G␣q mutations did not significantly alter the punctal fluorescence of another active zone protein, UNC-10/RIM1 (Ch'ng et al., 2008) . The increase in UNC-13S-GFP punctal fluorescence was completely blocked by sphk-1 mutations: punctal UNC-13S-GFP fluorescence was reduced to wild-type levels in egl-30(gf);sphk-1 double mutants ( Fig. 7a; Table 1 ). Thus, muscarinic signaling may selectively recruit UNC-13S to synaptic membranes via an sphk-1-dependent mechanism (Fig. 7b) .
Discussion
Changes in presynaptic structure and function represent important mechanisms by which modulatory pathways regulate synaptic strength. In this study, we found that muscarinic signaling regulates the abundance of SPHK-1 at synaptic terminals via a calcium-dependent mechanism involving CIB. Synaptic SPHK-1 in turn promotes the recruitment of at least one priming factor, UNC-13/Munc13, in response to muscarinic signaling. Thus, local sphingolipid metabolism appears to be an important way by which synaptic vesicle priming is regulated.
Calcium mobilization regulates the abundance of SPHK-1 at synapses
We found that calcium mobilization regulates SPHK-1 synaptic abundance and is required for SPHK-1 translocation in response to muscarinic signaling. First, mutants with reduced extracellular calcium influx through non-L or L-VGGC (unc-2/VGCC␣1 or egl-19/L-VGCC␣1) or reduced intracellular calcium influx through ryanodine receptors (unc-68/RyR) decreased steadystate synaptic SPHK-1 abundance. Second, increasing calcium influx (in egl-19/L-VGCC␣1 gain-of-function mutants) increased synaptic SPHK-1 abundance in a calcium-dependent manner. Interestingly, the changes in SPHK-1 synaptic abundance we observed in egl-19 loss-and gain-of function mutants (18% decrease and 34% increase) correlate with the changes in calcium influx observed in the respective mutants (19% decrease and 19% increase) (Kerr et al., 2000) . Third, calcium influx through unc-2/VGCC␣1 was necessary for muscarinic-mediated recruitment of SPHK-1 to synapses and for muscarinic-induced aldicarb hypersensitivity. Fourth, SPHK-1 variants lacking only the calcium/CaM-binding domain of SPHK-1 were mislocalized at synapses and were not responsive to synaptic recruitment by muscarinic signaling. We previously showed that SPHK-1 translocation can occur within 15 min in vivo (Chan et al., 2012) , but in principal, SPHK-1 synaptic recruitment could occur over much more rapid timescales. A previous study has observed that agonist-dependent translocation of SphK in HEK cells occurs on the order of seconds (ter Braak et al., 2009 ). Thus, calciumdependent recruitment of SPHK-1 by muscarinic signaling may encode a presynaptic plasticity mechanism during cholinergic activity.
The observation that mutations in any one of three calcium channels reduce SPHK-1-GFP abundance suggests that these channels act nonredundantly to promote SPHK-1 recruitment. Previous studies demonstrate that these channel types can promote calcium entry at presynaptic terminals. UNC-68/RyR is required for proper synaptic release from motor terminals and UNC-68 and mammalian RyRs have been shown to localize at presynaptic terminals (Bouchard et al., 2003; Liu et al., 2005; Nizami et al., 2010) . Similarly, EGL-19/L-VGCC contributes to the generation of calcium waves in axons following axotomy (Ghosh-Roy et al., 2010) . Finally, UNC-2/VGCC␣1 is concentrated at presynaptic active zones and positively regulates release at neuromuscular junctions (Saheki and Bargmann, 2009 ). However, RyRs also function in cell bodies, where the endoplasmic reticulum is abundant, and EGL-19/L-VGCC␣1 promotes calcium influx in neuron cell bodies (Frøkjaer-Jensen et al., 2006 ). Thus we cannot rule out that these channels may function at a distance (in motor neuron somas) to regulate SPHK-1 recruitment to presynaptic terminals.
Activation of muscarinic receptors drives diverse signaling pathways downstream of G␣q, including those that alter calcium influx into the cytoplasm. In neurons, activation of the M3 subtype of muscarinic receptor classically leads phospholipase C (PLC)-dependent changes in potassium channel conductance, resulting in changes in neuronal activity (Wess et al., 2007; Brown, 2010) . However, muscarinic activation of M3 muscarinic receptors has also been shown to induce calcium influx and to require voltage-sensitive calcium channels and TRP channels (Michel et al., 2005; Tai et al., 2006) . In other cell types such as ␤-cells, M3 receptor activation leads to PLC-mediated changes in calcium release form internal stores, which drives insulin secretion (Gromada and Hughes, 2006) . Thus, calcium influx is an important downstream event stimulated by muscarinic activation and can alter many cellular functions.
How do presynaptic muscarinic signaling and calcium influx converge on synaptic SPHK-1 recruitment? One possibility is that muscarinic signaling directly recruits SPHK-1 to synapses in a calcium-dependent manner. Alternatively, muscarinic signaling might promote calcium influx, which in turn could lead to SPHK-1 recruitment. Our results point to a model whereby muscarinic activation leads to CALM-1/CIB-dependent SPHK-1 recruitment and/or stabilization at synapses (Fig. 7b) . In support of this model, CALM-1/CIB and SPHK-1 colocalized at presynaptic membranes in neurons. In addition, calm-1/CIB was required for normal SPHK-1-GFP levels at synapses and for the muscarinic-dependent recruitment of SPHK-1-GFP to synapses. The calcium/CaM binding domain also was required for SPHK-1-GFP restriction to discrete membrane domains within presynaptic terminals. The function of CALM-1 in neurons may be analogous to its function in HEK cells, where calcium-dependent binding of CIB to the CaM binding domain of SphK is proposed to promote SphK membrane translocation and increased S1P production (Jarman et al., 2010) . Interestingly, mammalian CIB1-positive cells are decreased in cortical regions of brains of Alzheimer's disease patients and CIB1 is thought to bind presenilin 2, suggesting that CIB proteins may play a role in the neurodegeneration associated with Alzheimer's disease (Stabler et al., 1999; Bernstein et al., 2005) . Given that SphK and S1P levels are also lower in brains of Alzheimer's disease patients (He et al., 2010; Piccinini et al., 2010) , it is intriguing to speculate that CIB and SphK may be coordinately misregulated during disease states. 
